Glycidate (2,3-epoxypropionate) stimulated CO2 fixation in isolated spinach chloroplasts up to 100%. In the presence of glycidate the initial lag phase was abolished and the chloroplasts exported mainly 3-phosphoglycerate instead of dihydroxyacetone phosphate.
The mechanism for the glycidate stimulation of CO2 fixation thus seemed even more obscure. Investigations concerning the effect of glycidate on electron transport and photophosphorylation showed that the production of ATP and NADPH was not stimulated in isolated chloroplasts (results of this publication). Another explanation of the glycidate effect could be a change of the end product of the carbon assimilation.
The aim of this paper was to find the optimal conditions for the ' This work was supported in part by a fellowship to C. L. from the Swedish Natural Science Research Council and from the Deutsche Forschungsgemeinschaft to G. F. W. enhancement and to study the distribution of carbon between the photoassimilatory products of glycidate-treated chloroplasts.
MATERIALS AND METHODS
Glycidate Synthesis. Potassium glycidate hemihydrate was synthesized by a two-step procedure. Glycerol-a-monochlorohydrin was oxidized with nitric acid according to the method of Baer (4); the resulting 3-chlorolactate was subsequently converted to the epoxyde as described by Blau et al. (6) . The purity of the recrystallized glycidate was estimated by analysis of the oxirane oxygen (17) .
Preparation of Chloroplasts. Chloroplasts were isolated from fully expanded spinach leaves grown in the greenhouse. The procedure was a modification (9) of the method of Jensen and Bassham (13) . Chl was estimated according to the method of Arnon (1) .
Photosynthetic CO2 Fixation. The CO2 fixation was determined by H14CO3-incorporation into chloroplasts under red light (RG 610 nm, Schott, Mainz, Germany; 6.7.10O erg cm-2 s-') at 22 C.
The reaction mixture and further details of the incubation and assay conditions are given in the legends to the figures.
Separation of Fixation Products. At the end of the incubation time 0.2 ml chloroplast suspension was removed and quickly centrifuged. The supernatant was sucked off and 0.15 ml added to 0.075 ml 1 N HCI, the remaining pellet was treated with 0.05 ml 0.33 N HCI. After vigorous shaking, aliquots of 0.01 ml were taken from each fraction, immersed in Aquasol (New England Nuclear) and the "4C incorporation estimated by liquid scintillation counting. Samples of each supernatant and pellet fraction were spotted on cellulose thin layer plates (MN 300-25, Macherey-Nagel, Duren, Germany) and the products were separated according to the method of Schurmann (18) . Radioautographs were used to recognize the spots and the products were identified by coelectrophoresis with the authentic compounds. The The chloroplasts were incubated for 50 min with from 5 to 20 mM glycidate in the dark at 0 C. After the addition of the cofactors of the diverse reactions mentioned above, the vessels were illuminated for a period of 9 min. 
RESULTS
Influence of Glycidate on Electron Transport and Photophosphorylation. The enhancement of CO2 fixation due to the presence of glycidate (7, 23) might be explained by an increased level of ATP and NADPH in the illuminated chloroplasts. It was of interest to study the effect of this compound on electron transport and photophosphorylation. The results of these experiments are summarized in Table I . Broken chloroplasts were incubated with 5, 10, or 20 mm glycidate for 50 min in the dark at 0 C. After this period the cofactors of the reaction were added, the vessels were temperature-equilibrated at 18 C and the reactions started by the onset of illumination. Electron transport was measured either by NADPH formation or by ferricyanide reduction. Cyclic photophosphorylation in the presence of DCMU and under anaerobic conditions was mediated either by PMS or by DAD and was estimated as 32Pi esterification of ADP.
Neither of these photosynthetic reactions was strongly stimulated in the presence of glycidate, nor was an effect observed on the P/2e ratio (the coupling of electron transport to phosphorylation) which could account for the enhancement of CO2 fixation. The reaction period (9 min) for these activities was similar to the exposure time of the chloroplasts to "CO2-Short time kinetic experiments with ferricyanide as electron acceptor and glycidatetreated chloroplasts did not reveal any differences in the reduction kinetics (data not shown). The addition of the uncoupler gramicidin D (5 ,UM) to both samples (control and 20 mm glycidatetreated chloroplasts) gave equal rates for the ferricyanide reduction.
Influence of Glycidate Concentration on CO2 Fixation. The stimulation of CO2 uptake in chloroplasts due to the addition of glycidate varied with preparations. Isolated chloroplasts with high CO2 fixation rates (about 100 Amol CO2 fixed mg-' Chl h-') cannot be stimulated in the presence of low (1 mM) or high (20 mM) concentrations of glycidate. This observation is in agreement with earlier results of Chollet (7) who noticed a relation between CO2 fixation capability and glycidate stimulation; enhancement of CO2 uptake was correlated inversely with the photosynthetic activity of the chloroplast preparations. Figure I shows a typical experiment of glycidate-dependent enhancement of CO2 fixation. The control sample fixed CO2 at a rate of 34 ,umol mg-' Chl h-1. After incubation of the chloroplasts with I to 20 mm glycidate in the dark for 20 min the subsequent light-dependent CO2 uptake was increased. A saturation level for the glycidate-stimulated photosynthesis at 100% activation was reached at concentrations above 15 mm, with this chloroplast preparation.
Stimulation of Photosynthesis and Length of Preincubation with Glycidate. In the earlier experiments by Zelitch (23) tobacco leaf discs were incubated for 1 h with glycidate. The same incubation period was necessary to achieve 82% inhibition of the oxygenase activity of RuBP carboxylase (22) . The incubation conditions for the reproduction of the glycidate effect on isolated chloroplasts could be different, and therefore, the influence of incubation time was further investigated (Fig. 2) . Chloroplast suspensions were incubated in the presence of 20 mm glycidate for up to 60 min in the dark at 0 C and the CO2 fixation started by the onset of illumination. The addition ofglycidate at this point to an untreated sample caused an immediate increase of CO2 fixation 25% above the control rate. Longer preincubation periods (20 min) were obligatory to reach maximal stimulation, in this case 100%o.
Glycidate and Kinetics of CO2 Fixation. Intact chloroplasts were incubated in the presence and absence of 20 mm glycidate for 20 min in the dark at 0 C. After temperature equilibration at 22 C the reaction was started by the onset of illumination. Aliquots were taken after 3, 6, 9, 12, and 15 min. The samples were centrifuged quickly, pellets and supernatants acidified separately and each fraction analyzed for "4C incorporation (Fig. 3) . The control supernatant fractions show a definite lag phase in the "4C The kinetic data of CO2 uptake of the control and glycidatetreated chloroplasts into the pellet fraction were not very different; both samples showed similar uptake rates. The ratio between the 14C-labeled products in the supernatant and in the pellet was 7.8 for the control (after 15-min fixation time) and 18 for the glycidatetreated samples. The results of these experiments show that the main effect of glycidate was not linked to an increase of photoassimilates retained in the chloroplasts but rather to products excreted to the surrounding medium.
Distribution of 14C-labeled Photoassimilates between Chloroplast and Supernatant Fraction. The samples from the kinetic experiments described above (Fig. 3) were analyzed for 14C distribution between the different photoassimilates. The results of the kinetics of "C incorporation into the metabolites are presented in Figures 4 and 5 . The analysis of the supematants of the glycidatetreated samples (Fig. 4) reveals that PGA was labeled linearly up to 12 min reaction time, whereas DHAP showed a similar incorporation kinetics in the first 6 min but leveled off and remained constant in the subsequent time period. In the control experiment the rate of "C incorporation into DHAP was initially higher and then about the same as into PGA.
The analysis of the pellet fractions (Fig. 5) The PGA/DHAP ratios are presented in Figure 6 . The control samples started with a ratio of 0.24 after 3 min, which increased to 0.75 after 15 min. The drastic effect of glycidate on the translocation of both intermediates is seen in the upper curve of Figure 6 . After 3 min reaction time the ratio of PGA/DHAP was equal to 0.8, being highest after 15 min photosynthesis reaching a value of 2.3.
Glycidate Treatment and GL Formation. A controversy arose between the results of Zelitch (23) and Chollet (7) with respect to the effect of glycidate on the formation of GL. As already mentioned above, glycidate was introduced as an inhibitor of GL formation (23 (Fig. 4) , whereas in the pellet fractions the content was equal (Fig. 5) .
DISCUSSION
Glycidate stimulates net CO2 fixation in leaf segments (23) and isolated chloroplasts (7) . The action of glycidate on isolated chloroplasts could be linked to a decrease of photorespiration, ie. the inhibition of the RuBP oxygenase, or alternatively to an increase of the photosynthetic activities of the chloroplasts, ie. stimulation of electron transport and photophosphorylation, or to the coupling of both. These possibilities were questioned and further investigated, but neither of them could explain the stimulatory effect of glycidate.
Wildner and Henkel (22) observed an inhibition of the oxygenase function of purified RuBP carboxylase after treatment with glycidate. This inactivation process was slow and occurred only in the absence of bicarbonate; fully preactivated enzyme samples were not affected by this treatment. Several other communications reported the observation that glycidate did not affect photorespiration by directly inhibiting RuBP oxygenase (2, 23, 24) . Results of this paper also support earlier observations by Chollet (7) , that GL, the photorespiratory end product of the chloroplasts, was produced in even higher amounts in the presence of glycidate, but that its ratio to other photoassimilates was not affected.
The reduction of NADP or ferricyanide was not enhanced in the presence of concentrations of glycidate ranging from 5 mM. Cyclic and noncyclic photophosphorylation and the P/2e ratio were also not affected.
Glycidate treatment affected 14CO2 fixation with isolated chloroplasts in three ways. It abolished the lag phase, it increased the subsequent rate of 14CO2 fixation, and it drastically changed the PGA/DHAP ratio among the 14C products.
The chloroplasts used in these experiments showed a relatively long lag in the export of assimilation products (Fig. 3) . The lag could shorten the lag phase. This explanation is consistent with the relatively long incubation time needed to get full stimulation of glycidate (Fig. 2) . The hydrolyzation of glycidate on a large scale was excluded by the use of "'C-labeled glycidate in these experiments; no turnover to Calvin cycle intermediates was observed. Since we used conditions, such as glycidate concentrations of 5 to 20 mm, which gave a stimulation of "CO2 fixation, a turnover of just a small fraction of the glycidate could not have been observed. This aspect will be investigated further.
The increased steady-state rate of "CO2 fixation could be related to the higher PGA/DHAP ratio obtained in the presence of glycidate. If the end product is switched from DHAP to PGA this will improve the energy balance of the chloroplasts, and will give the same effect as a higher rate of electron transport and phosphorylation. This interpretation is in fact valid for the interval between 6 and 15 min of "CO2 fixation (Fig. 4) , but not for the first 6 min where the glycidate-treated sample produced DHAP at an even higher rate than the control during steady-state.
The results concerning the distribution of 14C between the photoassimilates inside and outside the chloroplasts suggest that the effect of glycidate may be directly related to the translocation process. In the presence of glycidate PGA export was enhanced compared to DHAP export. The major function in metabolite transfer is associated with the phosphate translocator (1 1, 12, 20) in the inner chloroplast envelope membrane. Phosphate uptake of the chloroplast is counterbalanced by the transfer of DHAP and PGA, keeping the level of phosphate constant inside the chloroplasts. Despite the fact that the pool of PGA is much higher than the pool of DHAP in the chloroplasts (5, 14) and both compounds have equal affinity for the phosphate translocator (I 1), the main photoassimilate transported across the membrane is DHAP (5) . The exchange of PGA3-(which has one additional negative charge compared with DHAP) with Pi2-builds up a membrane potential in the direction of the pH gradient between the stroma and the cytosol (20) . The role of glycidate' could be related to the neutralization of this membrane potential, thereby facilitating the exchange of Pi2-for PGA:3-.
